Abstract-The results of scaled acoustic laboratory experiments with noise barriers are reported. Short impulsive spherical sound wave with broad frequency spectrum is used as controllable sound source. Using spectral analysis the insertion loss spectral functions were calculated for experiments with different sourcereceiver positions. The results were rescaled to traffic barriers and for typical traffic noise spectrum the values of the traffic barrier efficiency (a single number rating) were estimated and the directivity diagrams obtained.
I. INTRODUCTION
Noise barriers are broadly used to reduce noise in the vicinity of roads. In the presence of a barrier, noise at a receiver location from a source is due to transmitted pathway through the barrier and diffracted waves at the top of a barrier. Barriers are usually built with solid materials and effectively block direct sound propagation. Thus, the barrier performance is limited by the diffracted sound which is highly dependent on the source frequency, relative source and receiver positions and geometry of the barrier top [1] . Recently a comprehensive experimental study with different barrier tops (T-, L-shape, jagged regular and random, etc.) was conducted in "unpublished" [2] . We do not repeat this material and only results related to the straight tops, which are not included in [2] , are reported below.
Traffic barriers are costly (about $1 million per kilometer) and knowledge of their efficiency is important. Usually the shielding effect of the barrier is quantified by the insertion loss which is a measure of the sound attenuation due to the presence of the barrier. The insertion loss may be defined as (e.g., [3] 10 log ( / )
where P 0 , P are the RMS sound pressure without and with the barrier.
At present, only insertion loss for the case of the straight top is parameterized in terms of the Fresnel number, Fn, (Figure 1 
where δ=(a+b-c), C is the speed of sound, f is the sound frequency, λ=C/f is the sound wave length.
FIGURE I. BARRIER (SOLID VERTICAL LINE) AND SOUND SOURCE (S) AND MICROPHONE (M) GEOMETRY.
Basing on the experiments reported in [4] , the following broadly used empirical parameterization for the insertion loss (in dB) was proposed [5] 
where a is an empirical constant (the results of our experiments, see below, give a=6.5 and this value is used for estimates).
The experimental data reported in [4] , were obtained for different wave lengths, , by using the source with different monofrequencies. Thus, the insertion loss, at particular value of  in (2), was obtained only for specific frequency used. In our approach, short impulsive spherical sound wave with broad frequency spectrum is used as controllable sound source. This permits, by using the spectral analysis, to calculate for each value of  used the insertion loss spectral functions for the whole frequency band, thus much more data are available. Because the frequency range of the laboratory sound source (5-30 kHz) is 10 times the frequency of the traffic noise (500-3000 Hz), the experiments can be considered as a 1:10 scaled experiments of a real traffic noise barrier.
II. EXPERIMENTAL SET-UP AND METHOD
Details of the experimental set-up and methods are similar to that used in [2] and only brief description is given below. Custom build 3-electrode spark discharger was used as a sound International Conference on Sustainable Energy and Environmental Engineering (SEEE 2015) source. For short sound pulse the primary signal diffracts above the barrier and arrives to the receiver earlier than the secondary (reflected/diffracted from surroundings) signal. The latter is ignored and only the information from the primary signal is used thus eliminating the need to use expensive acoustic anechoic chambers. The sound pressure was measured by the Brüel & Kjaer 1/4" free-field microphone with preamplifier, TEDS, and microphone conditioning amplifier. Tektronix 100 MHz digital storage oscilloscope was used to digitize the pressure signal and store it into computer with the LabVIEW software. After each experiment the measured signals were post processed using the custom built MATLAB software.
Methods of spectral analyses were used in the data processing. First, the pressure frequency spectrums were calculated from the initial sound pressure time, t, traces and then the insertion losses IL were calculate as functions of frequency, f, and source-microphone position 2 10 0 10 log ( ) / ( )
where, S 0 is the spectral density amplitude for the free signal and S S for the case of the barrier. Two different methods were used to calculate frequency spectrums, namely, standard fast Fourier transform (FFT) and the 1/3 Octave filter developed in "unpublished" [6] .
As follows from (4), the insertion loss function gives the relative sound attenuations for different frequencies and these attenuations do not depend directly on the sound source used in the measurements. This permits the use in experiments of short sound pulses with advantages mentioned above.
The main idea of the scaled experiments is to measure insertion loss functions in relatively small laboratory experiments with high sound frequency and recalculate the results to real noise barriers. In our experiments the frequency range of the sound source is 10 times the frequency of traffic noise and the experiments can be considered as a 1:10 scaled experiments. The frequency of the measured in laboratory insertion loss function is simply rescaled from the laboratory frequency f to the traffic noise frequency F as F=f/10. Then, using rescaled insertion loss function and proper estimates for the free traffic noise spectrum, the characteristics of the diffracted traffic noise behind a barrier can be estimated. In particular, averaged over the traffic noise frequency range the barrier efficiency, or the so called single number rating (see below), can be calculated and compared for different conditions.
Because the sound pressure of the diffracted signal, P, is a function of many parameters, P=P(t, R, θ s, θ m ), the spectral density amplitude and the insertion loss are also functions of similar parameters ( , , , )
where R, θ s, θ m describe the geometry of measurements ( Figure  2 ). In experiments the microphone and the sound source were at the same distance, R=30 or 45 cm, from the origin and angles used are: θ S =15, 30 degrees, θ M = 0, 15, 30, 45 degrees. In total 16 sets of experiments were conducted. The following notation is used below for different geometries, e.g., S30M15R30 means θ S =30, θ M =15 degrees, R=30 cm. Note that for traffic barriers the frequency and length scale are rescaled as 1:10.
III. RESULTS Figure 3 shows insertion loss, IL, as a function of the traffic frequency, F, for the S30M00R30 geometry of measurements. The results of the FFT calculations are shown on the top graph, the results of the 1/3 Octave filter calculations are shown on the bottom graph. For comparison, the dashed line shows the estimate (3). Both FFT and 1/3 Octave filter methods are in a satisfactory agreement. Some variability in the FFT data at high frequencies is related to the constant spectral window width, 100 Hz, which becomes small at high frequencies and the resulting "noise" is noticeable. In the 1/3 Octave filter calculations the window width is proportional to the central filter frequency and increases with the frequency and there is no such "noise". For comparison, the dashed line in these graphs shows the estimate (3) and agreement with both FFT and 1/3 Octave filter calculations is satisfactory. All data for the insertion loss measurements are summarized in Figure 5 . In this figure the ratio, A=IL EXP /IL EST , between the experimentally measured insertion losses, IL EXP , and values, IL EST , estimated from (3) are shown as a function of the traffic frequency, F, for all experiments conducted. In each graph eight points at each 1/3 Octave central frequencies show the results of measurements at eight different source-receiver angles. In the range of medium frequencies, which are the most important in a traffic noise, the standard deviation is about ±1.0 dB. Thus (3) with a=6.5 rather accurately approximates the measured insertion loss spectrums for different geometries of measurements. Using detailed data on the insertion loss spectrums, the single number insertion loss N for traffic barrier was estimated as follows. The insertion loss spectrum, IL(f), as measured in experiments, is rescaled from the laboratory, f, to the field, F=f/10, frequencies as
Some proper empirical or analytical parameterization for the traffic nose spectrum, S 0 (F), is used with correction, S A (F), on the standard A-weighting factor. In the estimates below we used for S 0 (F) the parameterization [7] 2 0 1 0
This gives for the corrected traffic noise spectrum the estimate Using (6), (7), (8), the single number insertion loss rating, N, (or barrier efficiency) for the traffic barrier can be calculated as (e.g., [8] In all cases the single number insertion loss ratings, N, increase monotonically and significantly (up to 10 dB) with the increase of the angles of measurements. In contrast, the effect of the distance change on N is small (in average about 2 dB) and may be neglected compare to the effect of the angles changes. This rather unexpected result is in line with the experiments [9] and conclusion that the acoustic efficiency of the edge device is a function of the angles of the source and receiver and independent of their radii. 
IV. CONCLUSIONS
Scaled experiments with straight top traffic noise barriers were conducted. The frequency spectrums of free and diffracted signals were calculated from the sound pressure signals for different source-receiver positions and the insertion loss spectral functions were estimated. The results obtained were rescaled to traffic barriers and for the typical traffic noise spectrum the single number insertion loss ratings were calculated for different source-receiver positions and the directivity diagrams derived. The methodology developed was successfully used for barriers with different top geometries, including T-, L-shape, jagged, etc., "unpublished" [2] .
